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ABSTRACT

A problem common to all controlled fusion reactors is
that of the burning deuterium-tritium fuel under conditions
of plasma confinementwhich approach the ideal limit as
nearly as possible. After ignition, the balance between
alpha-particle energy deposition and plasma losses (radia-
tion plus thermal and particle diffusion) determines the
stability or instability of the burn in toroidal systems.
Tokamak systems are described both with unstable, injection-
regulated burn cycles and stabilized steady-state burn con-
ditions. In the theta-pinch reactor an unstable burn occurs,
somewhat regulated by high-beta plasma expansion, which is
quenched by a programmed plasma decompression. The plasma
expansion during the constant-pressureburn provides “direct”
conversion of plasma thermonuclear heat to electrical out-
put, in addition to the electrical power derived from the
neutron energy threugh conventional thermal conversion equip-
ment● The open-endedmirror reactor is characterized by a
direct cofiverafonsystem for recovering end-loss plasma
energy and converting it to electrical energy for reinfection
Into the plasma. fiis allows a fa~orable reactor energy bal-
ance an an amplification factor Q (S thermonuclearenergy out-
put/injected plasma energy) which is compatible with classi-
cal collisional losses. For the three reactor types consid-
ered the ramifications of burn and confin~ment conditions for
reactor configuration, energy balunce, economy, fuel hand-
ling, materials problems, and environmental-radiological
factors are considered.

1. INTRODUCTICR4

The preceding paper by M. P. Furth
1
describes the baaic concepts

of thermonuclear processes and magnetic confinement in fl~sionreactor.
and give~sa brief summary of the present etate of research on the major
expe~imentu. In the present paper a brief description will be given of
the properties of conceptual reactor ny~tems based en the three major
magnetic confinement ~yoteme presently bsing Inveticigated.Conceptual
fusion r~actor studies have been puxwued a~nce 196.5,and a mnmary of
the early work is to be found in the proceedings of the 1969 Culham
Conference on Nuclear Fusion Raactorrn.2 The conceptual de~ign~ which
are surmnarizedhere stem from the follwins mort recent detail~d work
eve- the last two or three years: (a) three Tokaqak raactor studies
●t the Princeton
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i!Nationa Laboratory (ORNL),4’5 and the University of Wisconsin (UWMAIC
design) , (b) a Theta-Pinch reactor study carried out jointlyby the
Los AlaxnosScientific Laboratory (LASL) and the Argonne National Labor-
atory (ANL)7; and (c) a Magnetic-Mirror reactor study at the Lawrenca
Livemore Laboratory (LLL).$ In all of these studies plasma heating
and confinement are assumed to occur according to idealized physical
laws, to degrees not yet attained in the experiments, and the emphasis
is on the physical prc}blemsimposed by the engineering demanda of th8
thermal and nuclear environment and the requirements of practical pcw-
er generation. The power levels and dimensions of the reactors repr@-
sent compromises between economically desirable high power densities
and the low power densities, and large sizes which alleviate materia~u
problems.

-,.

II. FUSION-REACTOR CONFIGURATIONSAND PWER BALANCE

In this review we consider only the D-T fusion reactbn (Table 1,
Reference 1) as a basis for reactor design, since its peak cro.e ●ac-
tion occurs at relatively low ion temperature, allowing reactor opera-
tion at 100 to 200 X 106 ‘C (11.4 to 22.8 kev) in closed system and
4 to 6 x 107 ‘C (45.6 to 68.4 kev) in magnetic-xnitrorsystem. Becau80
of this it is expected that tha D-T reaction will be the basis d? fArat-
generation fusion reactors. Later power plants will probably make use
of the D-D and D-He3 reactions in which the abaenca of 14-MeV neutrons
and their interaction with the reactor structure will be ●n advantage,
Sainad ●t the coat of much highar plasma temperatures.

Figure 1 is ● generalized croeo section of th~ core of ● magmtic
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Fig. 1, Genmalised cros. .oction of th tort ef ● nuclear fuoiom
reactor,



confinement fusion reactor. The plasma is confined by magnetic fields
(predominantlyperpendicular to the pltineof the figure) in ex ss of
6 T. 56

Plasma ion and electron densities are in the range of 10 m-3
for Tokamak and Mirror reactors and 1022 m-3 for the Theta-pinch reac-
tor. The magnetic coil producing the magnetic field is protected from
the nuclear radiation of the plasma by means of a moderator and ab-
sorber of the neutrons and ganma rays, a magnet shield which absorbs
neutrons and gamma rays, and thermal insulation. In the case of a
deuterium-tritium piasma the moderator may breed tritiurnto replace
that depleted frcm the plasma as fusion reactions take place. The
plasma is surrounded by vacuum or low-density plasma, the whole being
contained in a vacuum vessel with a first wall as shown. A coolant,
consisting of fluwing liquid metal~ salt or high-pressure gas, removes
heat deposited in the vacuum wall by nuclear and electromagneticradia-
tion from the plasma.

A quantity of basic importance to fusion physics and reactor de-
sign ia the ratio ~ of the kinetic pressure p = 2nkT of the plasma ions
and electrons to the pressure of the external confining magnetic field
B perpendicular to the plane of Fig. 1:

P - P/(B2/ZUo) = @o nkT/B2. (1)

In presant experiments “low” beta refers to values less than 0.01 and
%fg,h~tbeta valuau lie between 0,1 and 1.0 (the maximum possible).

A quantity baaic to the plasma dynamics is the resction-rate para-
meier which is the product (n) of the D-T reaction cross section and
ralativg D-T velocity, averaged over a Maxwellian velocity distribu-
tion. If we ●ssume ●qual number denoitiea n of deuterons and trttons
the tharmonuclesr power available for each ms of plasma for thermal
conversion to electricity or some other form Gf work Is

Jn2
‘T 4 (m) Q (2)

whcra Q -
?

+ Ea. and En ●nd E& are thg nautron ●nd a-partic1. an-
trgim of Ta h I, R8f. 1. Tlm quantity M is the anmgy produced in
tha moderating blanket by ●ach 14-MoV neutron. Substituting n from
(2) w, find

~T = 0,70x 1023 ~2 B4 Q (UV)/T2, (w/m3) (3)

whm~ Q and T ●ro in W. Tha dopcndonco on p2 shows tho importanc~
of tha quantity beta ●c ● maasura of utilisation of magnetic-fi~ld sn-
•r~y in fuoion roactorso

Th@ heating of tha plasma is dcriv~d from thg cxparticlao which
rmain in tho plasma, dapoaiting ● powr dannity

1/3,

pa = : n2 (m) E~ = SO1 ~ 10-29 *2 ‘xp(-200/Ti ,2/3
(W/m3)

‘i

(4)



where T (in eV) is the (assumed) common temperature of the deute ous
i 5and tri ens, each of which is assumed to have number densi~ n(m- ).

The Bremsstrahlung power density for the range of n and T valuas
appropriate to D-T reactors is given by

1/2
‘Bx

= 1.7 x 10-38 nz 22 Te , (W/m3) (5)

“3
where Z is the ionic charge, and n is the electron density in u .
!l%isrepresents the total emission of all wavelengths of the continuum
from the (optically thin) plasma (T in eV). In addition there ie a
plasma 10ss p~ from the synchrotroneradiationemitted by the electrons
in thetr magnetic orbits which occurs at low ~, low n and high T, ●8
well as a heat-l~se power density PQ arising from radial particle dif-
fusiun &G~ heat condu~t?..n. This heat 10SS is usually characterized
by an energy-loss e-folding time TE:

5
2

u afla nT/~E, (6)

where a is the plasma rdius. Another important me.anaof raising tha
$nergy of a plasma io adiabatic compression whereby a rate of Incmaea
B of magnetic field causes the density and temperature to rise. Asmm-
ing the plasma to be a perfect gea characterized by a specific heat
ratio y, the rate of increase of internal energy density is given by

PC - 3(Y - 1) B~/yJo.

Finally, it io convenient to define ● powar
beams of neutral atoms, each of energy Eo:

PI - SE*.

(7)

deposition by Lnjectad

(8)

In caae of D-T pellat injection E ~ O, whila for enarg.tic ions &u-
terium and tritium tine E is in % range of 500 kev.

As an ●xample of pla8mapowr-balance in ● low-beta raactor (whara
~ is ●ssumed constant) consider the Tokamak case illustrated in Fig. 2.
The ohmic heating rapidly declines with rl~ing tamperatura ●nd bac~a
inei!fec tive in the temperature range of ● faw ksvo The @par ticlQ
haatins, on the otherhand, rises rapidly In this tmperaturo region.
At the highast temp8ratura. achitvad by ohmic h~atin~, tha sum of ohmic
●nd ~-particle haatlns is not sufficient to ovarcoma the lo~s~s duo to
ion heat conduction ●nd Bremsatrahlung. Thus the plasma cannot get
into th~ ~’ignited”re@e T ~ 4 koV whor~ a-particla hoatins ●lma ax-
c~adc tho lossaa and tha plssraawould bacom th~mally self-sustaini~.
In ordar to ●chlavt ignition ●n additional haat sourca of - 20 W ia
naca..ary to bridga th gap b~twam tha minimum of tha haat input au-
and tha rising curve of total heat 1000, At this writ ins, tha f~vorad
means of supplying this Iosc is by neutral-b~am injection.

Tht time dapmdmcs of plasma tomporatura is det.rminad by tha

various pow.r input ●nd 10SS qumtiti~s discussad abow. Naglaatin#
~ykhrotron sadiation and plama injoctlon tho rata of ch~ of plasM
internal.•~r~ is ~
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Plamna power balance for a low-beta (Tokamak) reaccor.9

d(3nT)dt ~ Pa - PB= - PO (9).
Neglecting particle 10ss, as in a law-~ reacto~:with s~all fuel burn-
UP, we find

dT/dt = nf(T) - T/TE, (10)

*@r@ f(T) = (1/12) (~~ Ea - OCs x 10”38 T1120 The conclition for
burning equilibrium dT/dt = O at wamedensity no and temperatur~ To is
thus

‘OTE - To/f(TJe (11)

It Lo ●asily shuwn, because of the rapid variation of (UV) with T,
that for T ‘. which depand only weakly on T, thla ●equilibriumi. un-

!otablo. I 7E is ●djusted for ● given T small changes will cau.o an
●xcur.ion of tomp~ratura upward toward t~e reRion of the (m) curve
whmc th~ dorivat Lve is sero, or th~ tomparatur8 may decay, ●nd th-



reactor “goes out”. At the unstable operating point it may be necess-
ary to apply feedback control to the quantity T or to (uv).

The “nr” condition (11) is superficially s%nilar to the famous
Lawson criterion which gives the condition that the electrical-energy
output of a given plasma volume exceed the minimum energy 3 nT + P T
necessary to produce the plasma and hold it for the TO Hmver, Ke
significance of the ~o conditions are gr atly different.

8
As an ex-

~pleD at T 7920 keV n rE is about 2 X 102 sec 83 and n~ (Lawson) la
about 5 x 10 sec/m3 ?or a 50%-SO% D-T plasma.{

A quantity basic to the
Q of the thermonuclear pwer
thermal-conversion(turbine)
essary to sustain the plasma

Q

operation of a fusion reactor is the ratio
output P , from the plasma core to the

Tequipmen , to the injected power PI nec-
in a thermonuclear state:

- PJPT ● (12)

The electrical power output of &e ;hermal converter ia

PE-T
P ~s (13)

where ~, related to the Carnot efficiency, is the efficiency at Which
heat is converted to output electrical power PE in the the-l convert-
er. Its valuea range from 0.35 to at moat about 0.6. In order to pro-
Vide the injection energy at come efficiency ~ a fraction ~ of the
plant electrical output Pm must be “recirculated”. The circulating
power fraction

is j.inportantas a cost
quired capacity of the
Output pcwer

(14)

determining factor, since it adds to the ra-
thermal conversion equipment. The fuaj-onpl~t

(H)

is related to the themal pwer PT of the reactor core by We plant
efficiency

~-(1 - c) ~o (16)

IIT. TOKAMAK REACTORS

The ●swntial faaturcs of ● Tokamak diffusa toroidal pincharg
shown in Fig. 4 of R@f. 1 and doscribad in the Saction III of that
paper. It i% useful t~ idantify tha poloidal beta ~e, which IS d-fined
analogoutilyto tha axikl or toroidal bata of Eq. (1). Thu.

n

whgro a i. tha minor plasma rdius. Ti!a●spect ratio A = R/a, wharo R
10 tho major radiua. ~o ratio of tha pitch length of tho halical me8-
nctic linas ●t tho surfac~ of tha plaamA to tho major circumfmencc
2fiRis the so-called stability -rgin or mfaty factor



q = aBO/RBe = B@/ABe. (18)

The beta quantity most often referred to, which enters the thermonuclear
power density (31 is the toroidal beta

%

In two of the designs
pert of the reactor core.
particles diffusing out of

s P/(B;/ao) u P@A)2. (19)

to be discussed diverters fem. an important
The basic object of a ditiertoris to prevent
the plasma from hitting the first wall and

to provide a means for removing ~-particle “ash” and impuritieswhile
maintaining a steady through-put of fuel from injectors. If in addi-
tion the divertor zone has low neutral-gatipressure, it is a thermally
insulating layer at the edge of the hot plasma, imposing the boundary
condition dT/dr = O and hence a flat temperature distribution radially
across the plasma.

The magnetic divcrtors considered here are based on the idea of
generating a null in the poloidal (r,e) field as shown in i’ig.3. This
generates a separatrix outside of which field lines are carried away
frm the plasma m they pass the neutral points shown in Fig. 3 as the
crossing point~ of the zero-field lines (~eparatrice~). Inside a sep-
aratrix the magnetic flux surfaces remain closed, and the separatrix,
rather than a material wall, is the effective boundary of the plasma.

/

Curfent

S@orcltdx

a
h,

o
I ine

SINGLE NE!JTRAL POINT DOUBLE NEUTRAL POINT

( Currents not shown 1

Magnetic field configurations of poloidal field divertora.



Plasma particles diffuse across the separatrix and then follow Lne
open field lines to particle collectors. The Tokamak design of the
Princeton Group (Fig. 4) uses the single neutral-point diverter, while
that of the University of Wisconsin group (Fig. 5) uses the double
neutral point. The ORNL
reactor (Fig. 6) has no di-
verter and uses a power cycle
in which joule heating and
neutral-beam injection pro-
duce ignition and peak power
density. The plasma power
density then subsides to a
lower level which is sustain-
ed by the injectors. The
UWMAK design (Fig. 5) oper-
ates in the unstable steady
state, but in pulses whose
length is determined by the
decay of the poloidal field
and the necessity to dispose
of impurities not removed by
the divertor. It uses joule
heating and neutral beam in-
jection, followed byD-T
pellet injection. The PPPL
design (Fig. 4) is conceived
as a long-pulse, essentially
steady-state systemz fueled
by D-T pellets.

Table I gives a compar-
ison of the plasma and mag-
r:eticfield parameters of
the three conceptual Tokamak
reactors. Note the large val-
ues of toroidal current (15-
20uA) and toroidal magnetic
energy (100-300 GJ]. In the
UWMAK case the poloidal energy
of 52 GJ would require a local
superconductingmagnetic-energy
store (somewhat similar to that
of a theta-pinch reactor) if
the risetime of B were of the

8order of 10 secon s or less,
while for times of the order
of 100 seconds the power to
build up the poloidal energy
[z500MW(E)] could be taken
~~offthe ltie”O The

&
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Fig. 4. PPPL Tokamak reactor.

Fig. 5. UWMAKTokamak reactog
module.
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superconductingW magnets (poloidal -d toroidal) are Cu-stabilized
IWTi (4°K), while the PPPL design uees M3Sn (-12% ●

In respect to the first-wall,neutron-blanket and fueling charac-
teristics of the three conceptual reactors, the ORNL blanket operatea
at high-temperature (lOOO°C), corresponding to the use of Nb-1% Zr
structural material. The PPPL and UWMAK designs utilize stainless
steel and correspondingly lower operating temperatures (680°C and
5000C). In the ORNL and UWMAK designs lithium is used both as the
neutron moderator and coolant, while the PPPL design uses a nonconduct-
ing salt, eutectic FLIBE [(LiF) BeF2] moderator with helium cool~t,

fthereby avoiding problems assoc ated with the flm of conducting lith-
ium across magnetic fields. The ORNL blanket utilizes segments with
longitudinal lithium flow (parallel to B ) except at turning sections

iwhere radial currents pump the lithium e ectromagneticallyand reverse
its flow direction. Outside the blanket regions are radiation shields
which reduce the total heat load on the superconductingmagnets to very
small levels (1.5 to 15 kW).

The wall loading of the ORNL design Is chosen sufficiently small
so that the first wall and blanket structure can survive neutron radi-
ation damage for a reactor life of - 20 years. In the UUMAK design,
first-wall changeaut is expected every two year~ becauge of radiation
damage, the critical consideration being embrittlenwnt of the stainless
steel. The tritium breeding ratios are quite tiequate, resulting in
short (-100-ciay)doubling times which can well be lengthened by delib-

t
crate y spoiling the breeding. The lithium inventories are of the order
of 10 kG, and tritium inventories are of the order of 10 kG, corres-
ponding to T2 concentrations of - 5 pacts per million. This small
concentratio~ is necessary to keep the radioactive tritium loss from
the plants within acceptable bounds. The tritium consumptlons are
typically 0.3 kG/day.

The power-balance quantities of the three conceptual power plants
are as follows: The ORNL reactor is characterized by low themwl
(1000 MW) and ele trical powers (600 MN), correspon ing to small wall

2 $loading (0.3 MN/m”) and low plasma density (4 X 101 m-3). Ha’ever
it has a large thermal conversion efficiency (56%), corresponding to
its refractory metal structure and a correspondinglyhigh operating
temperature, The other two designs use stainless steel structure and
more conventional steam conversion plants with correspondingly Iw
thermal efficiencies (30 and 44%). Their thermal and electrical power
outputs are much larger (5000 and 1500-to-2300MW, respectively). The
recirculating power of the PPPL (13%) design derives largely frm the
hel-i~ circulators, while in the ORNLdesign the major component is
the input to the neutral-beam injectors. The UWh4K design assumes neu-
tral-beam injection only during its 10-sec ignition phase, and it there-
~Jy makes a negligible contribution because of the 97% duty factor.
The burning cycles are quiteAdifferent for the PPPL and UWAK devices,
as opposed to the ORNL case. For the assumed neoclassical diffusion

*The OPJT design used here represents a composite concept of th~ plama
and bun cycle of Ref. 4 adapted by the author to the “core” and power-
conversion system of Ref. 5.



the confinement time is much too long for burning equilibrium, and the
confinement ti=, T , is

3
“spoiled” to a value of 4 to 14 seconds. For

the M and PPPL esigns the long t-n times TB (2000 to 6~oo See)

are set by the L/R time of the plasma ring. Thus even though the PPPL
and - reactors operate on long pulses they are essentially steady-
state devices since ‘rB<< ~E. They are sustained by injection of D-T
ice pellets, coated with Argon impurity (40-Mm pellets at 106 per see).
The burning equilibria are unstable (cf. Section II) and must be servo
or feedback stabilized. The burnup fraction is 7 to 12%. In the ORNL
burning cycles the approach is quite different. The plasma, after ig-
nition, is allowed to make an unstable excursion in about 20 sec to a
high peak temperature (100 keV) and beta (15%), after which D-T fuel
depletion (burnup fraction, O.8) and aynchrotron radiation cause a
sfmilarly sudden decrease in reaction rate, temperature (to 40 keV)
and bete (S.5%). The plasma is then ‘Jdrivensiat an amplification fac-
toz Q between 6 and 13 by the neutral-beam injectors for about 600 sec.
NO confinement spoiling is used and the neutral beam injectors (30 to
60 MW at 100 to 300 A) also fuel the plasma.

In the UWMAK reactor the ohmic heating, toroidal current is ex-
cited for about 10 sec at low plasma density (3 x 1019 m-3) with the
plasma temperature leveling off at about 2 keV, after about 10 sec.
In order co achieve ignition neutral beams of 350 to 500-keV D and T
ions are injected tangentially to a major circumference. A total beam
power input of 15 MW will cause ignition to occur in 11 sec. After
ignition the temperature rises to its servo-stabilizedequilibrium
value of 11 k$V (Te *ii)g and the density is raised to its final val-
ue of 8 X 101 m-3 by pellet injection After the burn the fueling
and toroidal current are decreased to cool the plasma to 500 eV, and
the plasma is driven to the walls. The system is then pumped out and
refueled with fresh gas. The diverters and poloidal fieId are then re-
established. From the end of one burn to the beginning of the next is
70 sec, giving a 97% duty factor.

IV. THE THETA-PINCH REACTOR

The basic concepts of this system are shown in Fig. 11 of Ref. 1
and described in Section Illof that paper. Unlike the other magnetic
confinement systems, the theta pinch is a high-beta device (~1~ 1) in
which very little penetration of the magnetic field into the plasma
occurs. It is characteristic of t.~esedevices in toroidal geometry
that the aspect ratio is very large, of the order of 100, roughly two
orders of magnitude lar er than for the Tokamaks.

5
In the theta pinch

&he plasma density (z1O 2 m-3) is also two to three orders of magni-
tude larger than in the Mirror and Tokamak, and confinement times are
correspondingly shorter. Burning times TB in the theta-pinch reactor
are of the order of 0.1 sec rather than N 1000 seconds, for the ~oka-
mak case. This relative ordering of magnitudes follms from Eq. (3)
where thermonuclear power density varies as n2. The theta pinch is
inherently a pulsed device because of its impulsive methcd of heating
and its high instantaneouspower densit .

3
For a typical cycle time

* 10 eec the duty factor TB/~c s 10- results in average pow@r
‘c



densities and wall loading which are about the same as for the other
two concepts. Total toroidal magnetic energies are of the order of
100 GJ, also comparable to those of the other c~ncepts- However~
this energy is pulsed repetitively in and out of the compression-con-
finement coil from a superconductingmagnetic energy store with riae-
times of the order of 0.03 sec. This feature and the requirement of
adapting the high voltage necessary for shock heating ~.~the nuclear
environment of the reactor core are essential determining factors in
the design of the theta-pinch reactor.

Figure 11 of Ref. 1 shows schematically the essential elements
of a staged theta-pinch reactor. In the shock-heating stage a mag-
netic field B~ having a risetime of the order of one Msec and a mas-
nitude of a few T drives the implosion of a full

1
ionized plasma

whose initial density is of the order of 1021 m- . After the ion
energy associated with the radially-directedmotion of the plasma im-
plosion has been thermalized, the plasma assumes a temperatureTE,
characteristic of collisional equilibration of the ions and electrono
(Ref. 1, Fig. 11). After a few hundred ~sec the adiabatic compression
field is applied by energizing the compression coil. The plasma ia
compressed to a smaller radius and its temperature is raised to a
value at or near ignition ( - 5 keV). As the D-T plasma burns for
several tens of msec, it produces 3.5-MeV ~ particles which partially
thermalizewith the electrons and the D-T ions as the burned fraction
of plasma increases to a few percent. As a result the plasma
is further heated. Since ~ is approximately unity, and since B ie
approximately constant, the pl~sma expands against the ~gnetic field
(not shown in Ref. 1, ~’ig.11), doing work AW which is about 62% of
the thermonuclearenergy deposited by ~ particles. lhis work pro-
duces an emf which forces uquetic energy out of the compression coil
and back into the compression magnetic-energy store. This high-~,
&particle heating and the resulting direct conversion are important
factors in the overall reactor power balance.

A cross section of the reactor core is shown in FL$. 7. The
first wall is composed of the ends of insulator-coatedblanket seg-
ments in which lithium is used both as a moderator and a coolant.
The insulator must be thin enough to allow heat extraction frm the
plasma Bremsstrahlung and nuclear radiation, as well as to allow pas-
sage of heat from the plasma as it is being quenched at the end of a
burning pulse. Simultaneous]y the insulator must support the back-emf
electric field E of the plasma implosion during the fraction of ●

Emicrosecond of s ock heating. During this short time of high-voltage
stress there is no radiation present, as there is later during ~the
bum. Hence the insulator requirement of a resistivity of - 10 ~ - m
and a dielectric strength E N

B
107 V/m at a temperature in the neigh-

borhood of 1000°C need not e met in the presence of a high radiation
field. Allowing N blanket segments each coated with an insulator of
thickness ~ to support a total voltage of 2fibEe, we fi d N = xbE9/

t

~%;ly thin corresponding to N D 100 blanke? segments.
Heat transfer calculations show that x = 3 x 10- m is ●do.

With nio-
bium metal s~ructure as shown in Fig. 7 it is found that tha blankat
provides a tritium breeding ratio of 1.11 and an energy multiplication
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I

such that ME = 20.5 MeV,
while adequately protecting
the room-temperature copper
compression coil from nuclear
radiation.

The implosion-heating
coil of Fig. 7 is of an end-
fed design in which the field
BS is ~dmitted to the plasma
region between the blanket
segments, being excluded from
them by the skin effect during
shock-heating times and Later
penetrating the segments dur-
ing the time of electron-ion
equilibration.

The compression coil has
sufficient thickness (low-
current density) that joule
losses of the theta currents
which produce the compression
field BO are reduced to ~uch
a level that their contribu-
tion to the plant circulating
power is acceptable. The coil
is layered in-N2-mm thickness-Fig. 7. Cross section of the neutron
es to reduce to negligible blanket, shock=heating coil and a(iia-
proportions the eddy-current batic compression coil of the Reference
losses during the 0.03-sec Theta-Pinch Reactor.
rioe and fall of the compres-
sionfield. Similarly the ~egmenting of tha blanket provides negligible
eddy-current losses in the lithium and grf~phite, An overall view of
the conceptual R1’PRpower plant 10 shown in Fig. 8, The reactor ring
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is below ground in an evacuated tunnel with a helium barrhr to pre-
vent escape of tritiufa. The transfer cask allows rmoval of t~ ~a.
dioactive core modules for replacement in case of failure. During
the burn cycle direct-conversionwork of 9.8 MJ p~r metar of raactor
length is produced, ae compared with ● thermonuclear●ergy ~ _
93 MJ/in. The rsti~ of Jirect- conversion energy to tharmally-convwtad
electrical energy is AW/~ W = 0.26 for

Y T
- 0.40.

An attractive feature o a pulsed fus on raactor 1. tha poa.ibil-
ity ‘Jf removing the alpha-particle “ash” resulting from the burnup of
the deuterium-tritlum fuel mixture and injacti.ngfro.h fual b.twaan
burning pulses. No diverter is required, as in tha cam of ● ●tady-
atate, toroidal reactor. A layer of neutral gas injoctad ba~an *
hot central plasma and the first wall Is utisdto cool, noutrslisa, ti
purge the partially burned D-T plamna. preliminary calculatiom sha
that sputtering problems are alleviated b~cuuce heat tramfer to tho
wall, which would otherwise occur by energetic ions, will now ouuur
primarily by means of low-energy neutral atoms and to ● loss-r utant
by ultraviolet and visible radiation.

Table II prwidea a mmmry of the thata-pinch raactorplasM and
magnetic-field parameters. ~e tritium inventory, bracdins ratio and
doubling time are comparable to thoso of the Tok-k raactor.. Tha
wall loading is ●bout 40% higher than for tho PPPL and UWMM raaotor$.
The toroidal magnetic energy Is lens for tha RTPR by & factor of two
to three, but, owing to its pulsed charactgr,It shouldba coaparod to
the poloidal magnetic energy of -. It 1s twlco as lars. and rio.a

TABLE II Plasma and magnetic-fidd parameters for tha LML-ANL con-
ceptual Theta-PInch roactor~

Plasma:

Beta

Major Radiua R, m

Plasma Radiue at Shock, Bum, m

Plasma tip~ct Ratio A, max

Ma~etic Fiqldc ~

Shock, Comp. Coil Radii, m

Shock Fl~ld, T

Coqm. , Burn Field, T

Halica~Poloidsl Fiald, T

Compr. FiQld Rfaotim@B 00C

Sup~rcond~ Mago EnorgyB CJ

Shock+laating Energy, W

0,8 -1.0

56

0.38, 0012

465

0091, 0.94

1.4

1100

008

00031,

102

0.9



much faotar. The plasma burn quantities are quite different than
thoeo of tha Tok~aks, with exception of the nT and fuel-burnup para-
meters which ●re comparable.

In tha power balance we have power output (2000 MWE), circulating
power fraction (E = 13%), and Q value (14) comparable to those of the
Tokamak cystems. A unique feature of the Theta Pinch is the direct
conversion paw-r, discussed above, which offsets the compression-coil
joula losses to provide the relatively low circulating power and high
plmt ●fficioncy. The power level of the RTPR is inversely propor-
tional to th~ cyCle time T= eince the essential plasma operation and
cnar~ balanco are determined for a given pulse. The choice Tc = 10
aoc gives low wall loading and long first-wall lifetime, rather than
optimum ●conomy, which would be more favorable at the shortaot cycle
time allowad (7C s 3 SeC).

v. THE MAGNETIC-MIRROR REACTOR

Thftbasic concapts of the Magnetic Mirror are shown in Figo. 3
- 18 of Raf. 1 and dcacribed in Section V of that report. Here,~1
h~var, we point out th LLL choice of the Ytn-Yang coil geometry ,
rsthar th~ tho Baseball gaomet~ for providing the minimum-B mag-
natic fiald. Tho Yin-Yang coil of the LLL reactor design is shown in
Fig. 11.

Tho toroidal raactors deacribad in the previous sections ●hat
tho possibility, undar id.al confinement conditions, of plasma igni-
tion, io9., tha piucmacan ba salf-sustaining, requiring little or no
Injoctad ●nmgy. Under thaa conditions tho amplification factor Q
Bq. (12) of the plmna itself becomes very large. The magmtic-mirror,
baeauaa it i. an open-andad dwice with ●n tntrinsic loss of plama,
●new. no ●uch opor~tion. Under Ideal collioionsl circumstancca tha
thoor~~lcal valu. of Q is only slightly graut.r than unity (shout
1.2 for tha mirror ra~ios considcr~d hare). The ma~a :ic-mirror
pla- i. tharafor~ ● driven powar amplifhr whose powaY output iu ●

factorQ times its injected pow~r. In ordsr to ●chiwa economical
not output with such low values of Q ● magn~tic-mirror reactor must
-ka :Iacof tho plasma cnargy which ●scapea from its mirror in order
to pmar tha injactor.. TIM moans by which this is accomplished ●t
high ●fficioncy 1. called dir~ct conversion. ~i. leads to ● large
recirculating powor fraction, of ord~r unity. Howover, tha power cir-
culation loop does not pasrnthroughtha thermal-conversion●quipment
~d can ba chown to ba economicalif its cfficioncyis sufficiently
high. ~

ThQ mathod by which tha injactionpower la supplied“,~-ectlyfrom
tht ●argy of plcma ionswhich ●ocapoout tha mirror.is i.Iu@trat*d
in Fi8. 9. TIM fraction (l-h) P of thcrwnucloar power whi.h m @urs
●s ~ particlas remains in tho pl~tma and, dons with ~lp ~

i
ia con”

vartad to u.~ful ●lactrical output thwugh ● dir~ctconv rtor of ~ffi-
Ciency

Y
~o thtmsl convertorprovldasuceful output ●nd that ro-

eireulat ;8 powr xmcosmry to sustain itsalf. AccordinM to Fig. 9
not pmr outputoccurswhen
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Fig. 9. Power flow diagran shwing tha main fcaturas of ● M~tic-
Mirror power plmt with direct conversion.

@PN + q#W

Using Q = PN/qlP1, this corrcspds to

PN + ~~] - ‘I

the condition

l-WI ●

Q>%[h%+ (l-hw

> 0. (20)

(21)

R, F. Poet ad his colh~~es h~n sh- that T-lu@~ of ~ ● l=- -
0.8 can ba nttaincd. For

3
= 0.8, inequality (21) showo that ro-tor

braakwon can occur for Q v lUQO ●s lW ●. 0.8, thu~ ~11~~ * @Y~-
tam to ●ccomnodata tha attainable value of ●bout 1.2.

Tho method by which cnd-lo$s plazma ●ncrgy fram ● mgnotic mirror
is convert~d to usaful electrical pawcr 10 illuatratod in Fiso loo
This shows a vertical .ection of one mirror of ● minimum-B mfrroz by8-
tem like that of Fig. 11 and ● typical escaping ion orbit. First tho
escaping plasma is expandad in tho horizontal San-ahap@d -~at~ ftild
which ●xtends 76 m from the mirror. In this procass the plasma don.ity
is raducod, and tho ion motion 10 convertad, by -ma of ~ tivers. Of
tha mirroring proccas, into motion parallel to th fiald 1-.. Aft@~
expansion, the plasma density i. sufficiently low (- 1013 i~@/m3)
that charge ●aparation of ions and elcctrom can occur. I%* ●lactr-.
(whoa. ●nargy la negligible) ●ra divwrtad away vartlcally In tho ●cp-
●rater ●long the magnatic lines, but tlm ions●scapa ●cross th~ line-
●nd continua horizontally to ● collector, Hera, depending on thair
●wrgy, the j.ons●re decoloratad in ● p~triodic●ot of char80-coll@ct-
ing cloctrodoa which colloct tham ●s they ●re broughtto restby tho

ratarding potmtials. Thara rasulta ● distribution of high volta$e.
on the collactor ●lactroda. which .toro tho •n~rgy of tho ●lwed-dm
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ions. These voltages are then brought to a comnon D.C. potential VD
and used to power the neutral-beam injectors.

The main features of the LLL Magnet ic-W. rror Reactor arc ~z-
ized in Table III. A schematic view of the power plant is shan In
Fig. 11. The central plamw core is a nearly spherical ellipsoid of
about 303-m meam radiuo, injected by 490 MW of neutral beam at 8n
average ion energy of 550 keV and a current of 890 A over ● total ●rea
of

2
mz The mean plasma ion energy i~ 620 keV; its density is 1.2 X

@ m-~; and its ~ is 0.85.
The Yin-Yang coils have a mean radius in their “fan” planm of

10 m, a winding width of 6.6 m ad a distance of 4.2 m between th~
perallel semicircular sides. All of the coil conductor is prot~ctad
from neutron radiation by a l-m-thick lithium blanket and shield,
arranged so that the lithium flow is predominantly (90%) along mag-
netic lines. The coils are designed to produce a central field of 5 T
and a maximum field in the fans of 15 T, (16.5 T on the superconductor)
corresponding to a vacuum mirror :-atio

%

= ~.0 and an effective ratio
due to plasma diamagnetism R

1
= RV/(l- )1’4 = 7.7. The e~cap~ef2

plasma beam has an area of 1. m , produced by weakening the mirror
field cm one side over this limited area.

TABLE III Plasma and magnetic field parameters of the LLL 200 MWe DT
Mirror Reactor

Plasma:

Shape Ellipsoidal, Min. B, vol.

Beta 0.85

Mean Ion Energy, MeV 0.62

Z Axle Intercept, m 3.5

Volume m3 130
-3

Den6ity m

Beam Area

1.2 x 1020

at Mirrort m2 1.5

10

Magnet Coil:

Radiua, m

Width of Coil, m

“ Coil Separation, 2h, m

Central Field, T

Mirror Field, T

Mirro% Ratio, Vat.

Mrror Ratio, B - 0.85,,

6.6

4.2

5

1s

3

7.7



The plasma beam escaping frm the vertical mirror of Fig. 11
into the expander is first deflected by 90 degrees along the mirror
magnetic lines which are bent by means of “steering” coils. The neu-
trons emerging from the mirror are buried in a neutron trap. From
the mirror to the end of the expander the ~gitetic field decreases
from 1S T to 0.15 T, decreasing the perpendicular ion energy by a
factor of 100.

The expander has a horizontal radial extent of 76 m, accepting
a beam heigh~ of 0.87 m over a total horizontal angle of 240°. Past
the expander the electrons are deflected away by separator coils, and
the ion energy is converted over the 22-m radial length of the collec-
tor. The expander and collector sre enclosed in a containment vessel
of three radial sections separated by 1.7 m, composed of dished hex-
agonal modules, each with a horizontal dimension of about 32 m. sup-
port columns intercept about 3% of the plasma beam. In addition to
this flat contai-~nt vessel there is a spherical vacuum vessel,
mostly below ground level, in order to limit tritium leakage to the
atmosphere.

The thermonuclear power carried by neutrons is 470 MW, and the
escaping pcwer of charged particles is 610 MW. Emergfng from the
direct converter (

%
= O.70) are 430 M!Wand from the blanket and

thermal conductor (h = 0.45) are 360 MW. Accounting for 560 MW of
injection energy and 20 MM to auxiliarie~, the net electrical output
is 170 MW, giving an overall efficiency of 27%. The system Q is
chosen to be 1.2.
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